This paper advances ideas and presents experiments on the flow characteristics of concentrated emulsions of Venezuelan bitumen in water plus surfactant. These emulsions are studied under a variety of flow conditions, namely between rotating cylinders, in a colloid mill and in pipes. The ideas advanced here concern the modeling of the highly viscous bitumen drops as solid spheres and their fracture under contact forces between neighboring drops, as in comminution, rather than break up by hydrodynamic forces.
Part I: Concepts

Highly concentrated emulsions
Our attention is focused on highly concentrated emulsions of a very viscous oil or bitumen in water. In the case of an ideal monodisperse emulsion, the maximum volume fraction that the disperse phase can reach is smaller than the value φ = 0.7405, corresponding to hexagonal close packing of spheres. In the present study, we consider polydisperse distributions centered at one (unimodal) or two (bimodal) values. Because our emulsions are polydisperse, they allow for strictly spherical emulsions even in rather highly concentrated situations, say φ = 0.70 for the unimodal emulsion and φ = 0.80 for the bimodal counterpart. It follows that our emulsions are not as concentrated as the ones considered in the landmark studies of Princen [1979] and Princen, Aronson and Moser [1980] . The aforementioned studies of Princen et al. focused on the equilibrium of mechanisms, thermodynamic and geometric, which could explain the existence of static bidispersed emulsions with volume fractions greater than the maximum packing fraction for monodispersed dispersions. These mechanisms require that spherical drops deform and flatten at touching points and the development of such flat places can be generated, for example, by non-zero contact angles between the thin film, the flat portions of contacting drops and the adjacent plateau borders. Princen's [1979] two-dimensional theory is capable of predicting the maximum attainable volume fraction as a function of drop size, equilibrium film thickness, contact angle and the maximum disjoining pressure that can be developed between films.
We have already noted that the packing fractions of our polydisperse systems are below the maximum allowed for monodispersed spheres in a static emulsion. In a dynamic emulsion, gradients of φ will be generated by motion and the maximum packing fraction can be achieved locally leading to the local inversion of the emulsion. Some of the considerations in Princen's work are possibly relevant to the phenomena observed in this work. Another very important feature which distinguishes our work from Princen's is the highly viscous nature of the disperse phase. The heavy crudes and bitumens are perhaps 10,000 times more viscous than the paraffin oil used in the experiments of Princen et al. [1980 Princen et al. [ ,1983 Princen et al. [ ,1989 . Of course, viscosity is a property that is relevant to motion and not to equilibrium. However our emulsions are concentrated, but not maximally packed, so that the effects of the local concentration of an emulsion in a flow could be greatly influenced by the surpassingly large viscosity of a disperse phase of heavy crude.
The viscosity of an emulsion
Very high concentrations of heavy crude oil and bitumen (over 70%) can be emulsified in water by using surfactants and appropriate mixing strategies. The viscosity of the emulsions is claimed to be as much as three orders of magnitude smaller than the viscosity of crude oil. This has motivated the consideration of pumping heavy crudes through pipelines as concentrated oil-in-water emulsions. Lamb and Simpson [1973] report a commercial line in Indonesia which carries 40,000 barrels/day of 70% oil-inwater emulsion in a 50,8 cm (20 inches) diameter line, 283 km long; Zakin et al. [1979] also describe another commercial line. Laboratory studies of this type of transport have been reported by the two authors just mentioned and by Rose and Marsden [1970] , Marsden and Raghavan [1973] , Mao and Marsden [1977] , Briant et al. [1982] , Giordano et al. [1988] , Layrisse et al. [1988] , Pilehavri [1988] , Plegue et al. [1989] , Zhang et al. [1991] , and Sanchez and Zakin [1991] . Zakin et al. [1979] and Sanchez and Zakin [1991] note that, although the viscosity of the emulsion increases with oil fraction, the energy loss per unit mass of oil decreases. Downhole emulsification of heavy oils appears to be a useful technique for improving production (see Simon and Poynter [1968] , Mourits [1990] and McCafferty and McClaflin [1992] ).
The viscosity of a concentrated emulsion of small, highly viscous drops with volume fractions less than the maximum packing fraction, should be independent of the viscosity of the disperse phase for large viscosities. This idea is consistent with the observation that the pressure drop in turbulent flow of emulsions tends to be independent of the oil viscosity, see Pilehavri et al. [1988] and Sanchez and Zakin [1992] . An emulsion with viscous disperse phase resembles a concentrated suspension of solid spheres of the same sizes and concentrations. The effect of the high internal phase viscosity is to inhibit relative internal motions and deformations of the bitumen spheres.
This feature allows us to use theoretical and empirical relations developed for the viscosity of fluidized suspensions of solid spheres to describe the viscosity of the emulsion. The reduction of drag in pipe flow of bitumen alone and bitumen-in-water emulsions is of the order of the ratio of the viscosities. This ratio is not relevant for the calculation of the viscosity of the suspension, provided only that the viscosity of the viscous disperse phase be large enough to render the internal motion of the drop nil. A bitumen drop can be thought to be a solid sphere with an infinitely great viscosity.
The determination of an effective viscosity of a suspension of solid spheres can be made reliable when the volume fraction is small, say less than 0.6, as the viscosity is mainly a function of φ. The viscosity of more concentrated suspensions is more difficult to evaluate as it depends on details of the packing and size distribution, the interparticle interactions and even on the nature of flow in the viscometer, as well as on the volume fraction of the spheres.
One of the main impediments to the determination of the viscosity of a fluidized suspension of solids or bitumen is polydispersity. One technique for modeling polydisperse suspensions is to treat them as if the continuous phase and the small colloidal particles were a single composite fluid which forms a pseudo-continuous phase, in which the larger particles are suspended. Typically, the latter are modeled as a unimodal suspension. Farris [1968] developed an effective medium model in which the small particles in suspension were viewed as a continuum with respect to large ones. He showed that when the size ratio of large to small particles is large (>10), the viscosity of a multimodal suspension may be estimated from the viscosity-concentration behavior of a unimodal suspension, considering the fine particles and the fluid as a homogeneous phase. Sengun and Probstein [1989] modeled a polydisperse coal slurry as a bimodal dispersion in which the fluid, plus colloidal particles form the pseudo-fluid, and the noncolloidal fraction is modeled as monodisperse. This theory does not require that the size ratio be large. Further developments in bimodal modeling have recently been discussed by Probstein, Sengun and Tseng [1994] . They note that:
A polydisperse suspension with a particle size distribution from submicrometer to hundreds of micrometers is treated as bimodal, wherein it is made up of a colloidal fine fraction and a non-colloidal coarse fraction. According to the bimodal model, the fine fraction imparts to the suspension its non-Newtonian characteristics and behaves independently of the coarse fraction, whereas the coarse particles only raise the apparent viscosity through hydrodynamic interactions. It is shown that when the particle microstructure is random, the contribution to the viscosity of the coarse fraction, which is generally polymodal, is characterized by lubrication concepts with the maximum packing fraction φ m as the scaling parameter. Poletto and Joseph [1994] have shown that the concept of a fluid-solid-pseudofluid can be used to define an effective Newtonian fluid in Stokes flow, in which the effective density is the average density of the mixture and the viscosity of the mixture is predicted by the empirical correlation of Thomas [1965] . This theory works well for single test particles suspended in the pseudo-fluid, even when the test particles and particles of the pseudo-fluid are of the same size.
The concept of a pseudo-fluid seems not to have been tried for bitumen-in-water emulsions, though these should be identical to solids in fluids whenever the flow is such that the structural integrity of the emulsion is left intact. That is, when there is no change in the drop size distribution and no local inversions. It will be shown later that these conditions appear to hold for emulsions with bitumen fractions under 0.7 or even larger in the case of bimodal emulsions. The effect of fines in reducing the effective viscosity of a bimodal dispersion seems to be identical in bitumen-in-water and solid spheres-inwater. Chang and Powell [1994] have noted that, for a fixed volume fraction of particles, the viscosity of the systems with a bimodal distribution of solids is less than the viscosity of a suspension with a unimodal size distribution of particles. D'Haene and
[Mewis] 1994 show that the viscosity of a bimodal dispersion attains a minimum when the core volume percentage of fine particles is of the order of 30%. The same results hold for the suspensions of bitumen-in-water which are considered here, as can be seen in the work of Rivas, Dalas and Núñez [1993] . Owing to the nature of their packing, bimodal systems have greater critical packing fractions, which explains the viscosity reduction relative to a unimodal dispersion at the same disperse phase fraction.
An interesting recent study by Aral and Kaylon [1994] of wall slip in a steady torsional flow of a concentrated suspension (φ = 0.63 %) of glass beads in a polymeric liquid, reveals dynamic analogies between the former system and bimodal 80% bitumen-inwater emulsions. In these emulsions, the large hydrocarbon drops can be thought to be suspended in a pseudo-fluid of water and small bitumen particles, the fraction of pseudo fluid not greatly different than 37%.
Lubricated flows of emulsions
In flow of bidisperse systems of greatly different viscosity, there is a tendency for the low viscosity constituent to migrate into regions of high shear, lubricating the flow (see Joseph and Renardy [1992] , for a detailed discussion). The bounding wall of a pipe in Poiseuille flow, or the cylinder walls in flows between rotating cylinders, form the locus of lubricated regions which lead to great reductions in drag. Core-annular flow of crude oil in water is an example of the lubrication of a more viscous by a less viscous liquid, and the lubrication of an emulsion by a slip layer of water on the wall is another example. The same kind of lubrication occurs in shear flows of concentrated suspensions of solid particles with the caveat that the migration of particles away from regions of high shear near the wall actually creates a high viscosity region away from the wall. In all these cases, it is probable that lubrication forces of the kind that keep single particles off walls, like the Segré-Silberberg effect, provide the mechanism which levitates the high viscosity constituents off the wall.
The formation of a slip layer or lubrication layer at the walls of a pipe leads to substantial reduction of the drag above or beyond the already significant reductions achieved by emulsification (Zhang et al. [1988] , Pilehavri et al. [1988] and section 7 of this paper). It is apparently not known under what conditions a flowing concentrated oilin-water emulsion will lubricate or lose lubrication. For example, Pilehavri et al. [1988] , have reported that an emulsified Wyoming crude did not slip in a concentric cylinder rheometer, but that two different emulsions of Venezuelan crudes did slip. Zhang, et al. [1991] reported that the strong reductions of drag on emulsions of a very viscous heavy crude, which they observed in the laboratory, did not carry over to tests in the field.
The influence of the material of pipe wall construction on the flow and slip at the wall of concentrated fuel oil-in-water emulsions may have been first studied by R.J.
Mannheimer [1972] . He noted that the apparent absence of a yield stress in Teflon tubes can be explained if it is assumed that a film of oil forms spontaneously when the emulsion contacts a strongly hydrophobic surface. H.M. Princen [1983] , in his pioneering work on the rheology of foams and highly concentrated emulsions of paraffin oil-inwater, notes that:
To obtain meaningful and reproducible results, it appears essential that the viscometer walls be perfectly wetted by the continuous phase. Otherwise, the surface induces instability of the emulsion layer adjacent to the wall. Princen and Kiss [1989] note that stainless steel rotating cylinders are not usable for studies of such emulsions because they are hydrophobic:
With highly concentrated O/W emulsions, the oil droplets have a strong tendency to "coalesce" on the walls and to form a thick oil layer when shear is applied (wall-induced instability). This leads to erratic behavior. The problem may be solved by using....glass cylinders.
In section 6 of this paper, we show that the bitumen emulsions under consideration tend to foul stainless steel walls more than carbon steel walls and that the surfactants used to promote emulsification also promote the hydrophilicity of the carbon steel wall.
Fracture of bitumen drops in a concentrated emulsion.
Rock breaking machines are used to reduce the size of solids particles by crushing (comminution). The fracture of solids particles may also be achieved by shearing in certain circumstances. For example, in the study of wall slip in the torsional flow of a suspension of 63% glass spheres in a polymeric liquid, Aral and Kaylon 1994 found that increased surface roughness prevented wall slip and it frequently resulted in the fracture of the glass spheres. If the analogy between solids and concentrated suspensions of bitumen drops is valid, similar results could hold for the concentrated emulsions. Indeed, the bimodal distributions of bitumen drops of emulsions with bitumen-to-water ratio of 80:20 can be transformed into a unimodal distribution with a marked reduction in the population of large drops. This anomalous behavior is consistent with the notion that the large drops are fractured by contacts with other large drops as is the case in the comminution of solid spheres (Goddar [1991] ). For the same bimodal distribution of drops of much smaller viscosity a hydrodynamic, rather than direct contact, mechanism ought to apply. Indeed, the referred comminution mechanism does not operate for the same bimodal distributions of much less viscous lubricating oils, as will be shown in section 6.
Local inversion.
Of course, the analogy with suspensions of solids should not be carried too far.
Concentrated emulsions of heavy hydrocarbons-in-water can be unstable to creaming or inversion instabilities.
A very concentrated emulsion of oil in water is prey to an inversion instability.
Obviously, if the flow further concentrates an already concentrated emulsion, the oil fraction may test the maximum packing fraction locally. One example of a local flowinduced increase of the concentration of the disperse oil is the ring instability of a uniform dispersion, discussed in section 6. Inversion is apt to occur at the places in the flow where the flow induces the maximum packing fraction.
In a local inversion, portions of O/W emulsion invert to W/O with small water fractions. This could also be described as drop coalescence, but with the additional caveat that the resulting coalesced drop contains water; it is a water-in-oil drop. The instability here follows from the fact that the coalescence that was produced in a region starved of water, actually increases the degree of starvation by absorbing water.
Our experiments are consistent with ideas corollary to local inversion. Suppose the original composition of an emulsion is 70% oil and 30% water and, after shearing in the conditions described in section 8, this emulsion partly inverts. We are left with a water continuous phase having 70% or less of small bitumen drops, free of water, and large bitumen drops that contain water. A completely inverted emulsion would have the same volume fraction but with an oil-continuous phase and small dispersed water drops.
When we separate the large bitumen drops fouling the pipe wall from the emulsion, we are left with a water-continuous phase of pure bitumen in water. The large bitumen drops contain some water proving that coalesced drops have inverted. The bitumen and water missing from the water-continuous phase emulsion must be in the large drops.
The mechanism by which inversion of an emulsion occurs seems not to be well understood. In the case under consideration, we would want to understand how water enters into the lumps that arise from the coalescence of bitumen drops. One possibility is that when bitumen drops are squeezed together they join under short range disjoining pressures at many local points of close approach. This means that the water in Plateau like borders would be encapsulated at many points in the network of coalescing drops producing a local inversion. This kind of inversion mechanism should work better for softer bitumen drops, so we expect more inversion at high than at low temperatures.
The effect of large pressure gradients on a concentrated oil-in-water emulsion can be considered. Probably in the first approximation to the motion, the water and oil will move in locked step, but further considerations leads into the idea that the water and oil could not have the same response to a pressure gradient but there are many possible responses. Since water is the continuous phase, it can flow through the bitumen matrix as in the flow in a porous media. In general, one would expect water to be squeezed out of the matrix of bitumen drops or to be absorbed by them in local inversions at places where the gradients are largest. In the cases when no inversion occurs, the water squeezed from some places must migrate to the walls. In a lubricated flow, there is a pressure gradient but no further migration in water. It would be difficult to establish a lubricated flow at places where the pressure gradients are large and variable, as in contractions in pumps and valves. A consequence of this is that pumps and valves are sites which promote further concentration of an already concentrated emulsions in procesing operations leading to local inversions through encapsulation.
Part II: Experiments with highly concentrated emulsions
Experiments were carried out between rotating cylinders, in a colloid mill and in pipes, both in the laboratory and in the field.
Flow between rotating cylinders
Introduction
We focus here on the hydrodynamic behavior of concentrated bitumen-in-water emulsions between rotating concentric cylinders (see Fig. 6 .1). To eliminate unwanted secondary motions (Taylor vortices), the outer cylinder rotates as the inner one is stationary. Torque readings as a function of rotating frequency were obtained and changes in the distribution of particle sizes and temperature were monitored. Of paramount importance is the accurate measurement of torque. Proper alignment and balancing is the key to success. To that end, all cylinders were carefully machined in a lathe, mounted and verified for alignment before each run. Torque was measured by means of a transducer made by HBM, Germany. The rotating frequency range of the apparatus was from 0 to 3000 rpm, which was achieved using the motor and a belt-pulley system described in Fig 6. 1. The inner and outer cylinders, were either of stainless steel or plexiglass, and their diameters (60 and 70 mm the inner ones and 75 mm the outer cylinder) allowed for gaps of 2.5 and 7.5 mm. Three iron-constan thermocouples were flush-mounted in the inner cylinder, in order to monitor temperature changes during a given run.
Experimental procedure
Emulsions of Orinoco bitumen (8.3° API) in water, stabilized with a commercial surfactant Intan-100, which is a nonyl phenol ethoxylated compound having 17.5 EO units, were prepared with a conventional blender at 60 °C. At 30° C this bitumen has a viscosity in excess of 1x10 5 mPa.s and the density of water. The surfactant concentration was varied between 2500 and 3000 mg/l based on the fraction of dispersed phase. The formation procedure was controlled in such a way as to produce either a unimodal particle size distribution of about 20 + 2 µm of mean droplet diameter or a bimodal distribution. The latter had a mode of 30 + 2 µm mean droplet size and a mode with a mean of 3 + 2 µm. For the unimodal case, the bitumen fraction was kept constant at 0.7, while bimodal emulsions were prepared with internal fractions of 0.6, 0.70, 0.75, and 0.80.
Torque readings as a function of the rotating frequency were taken for each sample, and the temperature history was recorded in every experiment. Viscosity and particle size distribution were measured before and after each run, so that structural changes in the emulsion could be assessed. An instrument based on a light diffraction technique (Malvern, model Master Sizer) was used for the droplet size evaluation.
Viscosities were evaluated by means of a concentric cylinder viscometer (HAAKE, model RV-20/M5).
Results and discussion
All of the emulsions we studied entered into a lubricating regime in which the torque leveled out (and sometimes, even decreased) as the rotating frequency increased, (Figs. 6.2 to 6.4). Hydrophilic wall materials promote the lubrication of the emulsion with water. Stainless steel cylinders are more hydrophobic than plexiglass cylinders, they exhibit more fouling by bitumen and require larger torques to turn at fixed speeds ( Fig.   6.3 ). The torque 6.3a Lubricating Results measurements are also more erratic for flows between steel than plexiglass cylinders (Fig. 6.2b ). bitumen fraction was studied. The dynamic response of these fluids in the rotating cylinder apparatus is shown in Fig. 6 .2a, giving the torque as a function of the rotating frequency when the gap is 2.5 mm and the wall material is plexiglass. The torque curves depend strongly on the bitumen fraction with high torques for concentrated emulsions.
The most concentrated emulsion with a 0.8 bitumen fraction gives rise to an overshoot which is not seen for smaller bitumen fractions. Torque values for unimodal emulsions are higher than for bimodal emulsions of the same bitumen fraction because the effective viscosity of a uniform dispersion is higher. Fig. 6 .2 shows that the unimodal emulsion with 0.7 gives rise to higher torques than the 0.75 bimodal counterpart.
The overshoot of torque for the highly concentrated 0.8 bitumen fraction is examined more closely in Figs. 6.4 and 6.5(a). The overshoot marks a drop distribution crisis in which the large diameter mode is anihilated catastrophically in an event which transforms the 0.8 bimodal distribution to a unimodal one (Fig. 6.4) (to get this data we needed two runs, one before the catastophe and the other after). The fact that all the torque vs mean shear rate curves are the same before the anihilation of the large diameter mode points to the importance of packings of spheres; similar packings give rise to similar responses.
The viscosity of the unimodal dispersion created by the anihilation of the large drop fraction is larger than the viscosity of the bimodal dispersion and it leads to greater frictional heating (Fig. 6.5a ). The effects of drop refinement at the overshoot is seen in less dramatic form in the 0.75 bimodal dispersion and it is virtually absent in bimodal dispersions with 0.7 or less bitumen fractions.
The aforementioned break-up mechanism is unusual and perhaps closely related to a size reduction process found in the crushing of solids, known as comminution. Ghaddar [1991] noted that the fracture efficiency of a cylinder piston compressing bed is enhanced in bimodal particulate systems; fines (the equivalent of the small diameter mode) are accumulated in the void spaces between unbroken particles, facilitating the transmission of the applied stress and inducing rapid break-up. A similar enhancement of the efficiency in the breaking of large drops of bitumen in concentrated bimodal dispersions can be attibuted to the presence of "fines". The comminution type of breakup of bitumen drops depends on their high viscosity which makes them solid-like. To test this idea, we did the rotating cylinder experiment with a lubricating oil-in-water emulsion identical to the bimodal φ = 0.8 bitumen-in-water emulsion, except that the viscosity of the lubricating oil (1 Pa.s) was 100 times smaller than that of the bitumen. We did not observe a change in the drop size distribution. The results are shown in Fig. 6 .6. The overshoot is absent; apparently, the low viscosity dispersed phase deforms rather than fractures under the action of applied stresses.
7. Pipe flow
Introduction
Here we study the development of lubricating regimes of unimodal and bimodal bitumenin-water emulsions in Poiseuille flow using a controlled-pressure tube viscometer of small diameter and a once-through tube viscometer which mimics commercial pipes. We evaluate emulsions with volume fractions from φ = 0.65 to 0.80, with unimodal and bimodal distributions.
Experimental procedure
The controlled-pressure tube viscometer is shown in Fig. 7.1 (a) . The experiments were carried out in four stainless steel capillary tubes of equal length (3 m) with internal diameters of 1.3, 3.6, 7.5 and 10.6 mm. The emulsions were driven into the test section by pressurized air or Nitrogen. To minimize end effects, the upstream pressure gauge was placed at a distance greater than 60 pipe diameters from the tank discharge. The pressure drop was calculated by subtracting the atmospheric pressure at the outflow end from the absolute pressure measured upstream. The mass flow rate was measured by using a digital precision balance (Mettler, PE 16) and a stopwatch.
A different set of data was gathered in a two-legged once-through tube viscometer, whose schematic representation is shown in Fig. 7.1(b) . Two tanks are connected by a 21.7 mm diameter steel capillary tube, which made up the test section, were used in the operation. The emulsion was driven from one tank to the other by means of a positive displacement pump of gear type (Viking HL14). The mass flow rate could be varied by means of a mechanical variator attached to the pump and was determined using a Coriolis type flow meter. The pressure drop was measured in two legs of equal length The samples were prepared as in section 6.4. To monitor the stability of the samples to shearing we measured the viscosity and droplet size distributions using the same instruments described in section 6.3. The controlled-pressure tube viscometer was calibrated with a blend of lubricating oil and gasoil. The Newtonian viscosity of the blend was 96.6 mPa.s and the density 895 kg/m 3 at 20ºC. The pipe viscometer was calibrated using a Newtonian crude oil with a viscosity of 123 mPa.s and a density of 918 kg/m3 at 20ºC. The temperature history was recorded in every experiment. All experiments were conducted at a room temperature of 22 ºC.
Results and discussion
Viscometer calibration
The main goal of the controlled-pressure viscometer calibration was the calculation of the average capillary diameters. These were determined from pressure drop-mass flow rate data. We found that average diameters could differ from the measured diameters by up to 30% for the smaller tube, and 1% for the larger tube. All data manipulations involved the use of the calculated average diameters. The calibration curve is given in Fig 7. 2 and rheological behavior was Newtonian, as expected.
The once-through loop calibration was carried out in a different way, since no dimensional source of errors was expected for such a large system. In this case, the pressure drop in both legs of the loop was recorded as a function of flow rate; the flow curve is shown in Fig. 7 .3. As expected, the rheological behavior of the calibration fluid was Newtonian. It is worth noting that the pressure transducer produced slightly different readings in both legs of the loop. The difference did not exceed 3%.
Emulsion rheological evaluation 7.3.2a Controlled-pressure tube viscometer
We collected pressure drop data as a function of mass flow rate for all the samples. All four capillaries were used in every case, with the exception of the bimodal sample of 0.7 internal phase content. The flow rate in the large diameter pipe for this less viscous sample was too large for our measuring system. In figures 7.4 (a) to 7.4 (c) we present flow curves for the φ = 0.7 unimodal, 0.7 bimodal and 0.8 bimodal emulsions, respectively. The curves are similar to those for rotating cylinders discussed in section 6. The 0.7 unimodal emulsion exhibits higher shear stresses than its bimodal counterpart. Different flow curves are obtained for each capillary and all of them indicate that the emulsions are slightly shear thining. As the wall shear stress increases, the curves diverge; surprisingly, the small diameter tubes have smaller shear stresses. This suggests a lubricating effect, although the onset of lubrication is not as abrupt as it is for the same emulsions between rotating cylinders (see Figs. 6.2 to 6.5). Results obtained in the open once-through loop discussed at the end of this section and in the next sub-section suggest that the differences between pipes and rotating cylinders are associated with the flow development of a lubricating layer.
In all the cases presented in Figs. 7.4, no variation of the drop size with shear rate was detected even at mean shear rates of 10,000 s-1 (see Fig. 7 .5). The drop size distribution of the emulsion will not change in a straight capillary tube.
The mean shear rate (8v/D) vs pipe diameter is shown in Fig. 7 .6. A low shear stress of 200 Pa was selected to generate the figure. The shear rate for the φ. = 0.7 unimodal and the φ. = 0.8 bimodal emulsion tends to a constant as the pipe diameter increases. The apparent reduction of lubrication as pipe-to-droplet size diameter ratio increases can be interpreted in terms of a developing length for lubrication discussed next.
In Fig. 7 .7 we plotted the shear stress vs shear rates for emulsions in a 3.6 mm capillary with different length-to-diameter ratio (L/D). At low shear rates, the shear stress is largest in the largest L/D pipe capillary. At higher shear rates, this ordering is reversed and significantly lower values of shear stress are obtained in the large L/D capillary. Bagley plots for the data in Fig. 7 .7 reveal the absence of significant excess pressure (produced by end effects). This apparently anomalous behavior of the flow curves can be explained by a development length for the formation of a lubricating layer.
The data shown in Fig. 7 .7 indicates complete flow development of the lubrication layer for L/D = 1200. Arguably, this could be related to the distance required to reach an equilibrated phase distribution in which the pressure gradient is balance by the drag without any further lateral migration of bitumen drops. This distribution is apparently reached by pumping water from the emulsion in a squeezing action induced by the pressure gradient in the development region. This pumping of water from the emulsion is like the flow of water through sands; obviously the water and bitumen will respond differently to a developing gradient. The same kind of flow development causes the water in the flow of concentrated slurries to migrate to the wall. If water is forced to the wall, then solid particles or bitumen drops must migrate away from the wall. The exact force balance required to maintain the compressed dispersion in equilibrium with a lubricating layer is not yet well understood.
7.3.2b Once-through open loop tube viscometer
Two type of emulsions were evaluated in this facility, unimodal and bimodal with φ = 0.65 and 0.8, respectively. Figure 7 .8 depicts the pressure variation as a function of mass flow rate for φ = 0.65. Each data point represents the mean of at least ten pressure drop readouts, the histograms of which yielded a standard deviation below 5%.
The pressure drop for the 0.65 emulsion is not linear with distance as it is for the crude oil used to calibrate the viscometer; the pressure drop of the second leg of the loop is much smaller. A similar behavior is observed for the φ = 0.8 bimodal emulsion shown in Fig. 7 .9. It is also evident that the pressure difference between the two legs tends to increase with the mass flow rate. It should be mentioned that no change in drop size distribution was observed at any time for either emulsion. The argument given at the end of section 7.3.2a applies here. A development distance is required for the formation of a lubricating water layer which for the controlled-pressure case exhibited in Fig. 7 .7 is about 1200. By accident, the distance to the second leg of the open loop is about 1200, so we might expect lubrication to occur there. Of course, the effect of lubrication layers can be expected to be, and is more pronounced in the more highly concentrated emulsion. This effect of concentration is made evident by comparing the φ = 0.65 with φ = 0.8 in Figs. 7.8 and 7.9. The pressure drop in both cases is smaller in the second leg of the loop, but clearly the fluids respond differently, with a more drastic drag reduction for the higher value of φ.
The results shown in these figures clearly suggest that lubrication layers evolve downstream of the entrance so that a development length is required. Moreover, we do not see effects of lubrication at low speeds; a minimum speed appears to be required to lift the bitumen drops off the wall. (Zlatner, 1992) . Field-scale facilities can induce severe gradients in certain types of pumps and recirculating valves (with low drop-to-clearance ratios), but never in straight pipes. In order to clarify this matter, we decoupled the pump-pipeline combination and focused attention on the behavior of an emulsion flowing through a variable-gap colloid mill. The results of this evaluation are presented next.
Colloid mill
Introduction
Here we study the flow of emulsions through narrow passages. This study allows us to assess the effect of the local variation of the bitumen fraction at its critical packing value. Such variations are induced in real systems by the low clearances which are present in the flow paths of certain pumps and process equipment such as control valves.
We reproduce this situation in a controlled manner in a variable-gap colloid mill.
Experimental procedure
We used a colloid mill to test the notion that we can produce coalescence, with water in the resulting large drops, by forcing the emulsion through a narrow gap. The rotor, shown in Fig. 8 .1, rotates at 1600 rpm during the tests. The basic unit at which the emulsion is introduced at the inlet and collected at the outlet is called a cycle. The collected emulsion can be recycled any number of times, say n times. At the end of a recycle sequence, the weight fraction of large drops with diameters greater than 150 µm is determined by sieving through a mesh of 150 µm. This gives the fraction of large drops after n cycles. The water content of these large drops is determined by distillation, only for the last cycle, due to reasons that will become apparent shortly.
The mean droplet size in the emulsion which remains after sieving was measured by a light diffraction device (Malvern, model Master Sizer) giving rise to the graph shown in Fig. 8 .3 of mean droplet size vs. the number of cycles.
In practice, the measurements of the fraction of large drops which could not pass through the sieve and the fraction of water and drop size distribution in the emulsion that did go through were done at the end of each cycle. We did this by removing small samples from the copious amounts of emulsion which are expelled at the outlet of the mill. The small samples are carefully weighed before sieving. We took care to make sure that all the bitumen with sizes less than 150 µm had passed through the mesh and we repeated this procedure with many small samples after each cycle, taking averages with a standard deviation of less than 3%. All of these measurements were carried out for different clearances between the rotor and stator ranging from 0.51 to 4.92 mm.
Results and discussion
We milled unimodal emulsions with bitumen fractions from case, the weight fraction of large drops is nearly constant for the first few cycles and then increases suddenly. The number n of cycles required to produce a sudden increase is larger the larger the rotor-stator spacing; coalescence is achieved more readily with small gaps. This is consistent with the idea that coalescence can be described as a local inversion induced by concentrating an already concentrated emulsion in the small gaps of the colloid mills. Total inversion was obtained for the 0.80 bimodal emulsion in only one cycle.
Figure 8.2 also shows that the 4.5 g/L sample could withstand more cycles without undergoing structural changes. We believe that this increased stability is due to an increase in the strength of the protecting surfactant film which could allow drops to flatten, deform, and even to refine for more cycles before coalescence.
The rate of change of the relative mean droplet size seems to be the same for all the rotor-stator gap sizes, as we can see in Figure 8 .3, but this change is delayed as the gap and the surfactant concentration are increased. We get more more coalescence and, in consequence, larger mean drop sizes for the smaller gaps. Two phenomena control phase inversion after a given number of cycles. Coalescence is induced by the flow through a contraction (which increases the mean drop size) and water is encapsulated in the process. At first, the size of coalesced drops is small because only a small number of drops coalesce locally and only a small amount of water is encapsulated. This encapsulation gets the emulsion closer to its critical packing every cycle. This process appears to be sensitive to the mean inter-particle distance prevailing in emulsion, like when our 0.7 emulsion is diluted to 0.65 without changing the drop size distribution. We repeated the experiment described in the two previous figures with such a diluted emulsion and the results are presented in Fig. 8.4 . They show that after 20 cycles there is virtually no change in the drop size distribution with no drops greater than 150 µm. At such bitumen fraction, the gaps tested in the colloid mill do not concentrate the emulsion so as to induced coalescence. The 0.7 case presented also in this figure follows the same behavior as before. There we can see an increase not only in the mean diameter but also in the fraction of drops greater than 100 µm. We can see also how the distribution becomes broader after each cycle as a result of the induced coalescence. We inquired into the mechanism by which water is encapsulated within the large bitumen drops as a result of coalescence. We measured the water content of the already sieved emulsion sample after a given cycle. We also measured the water content in the large bitumen drops that remained in the sieve at the last cycle, in order to have enough resolution in the distillation (in the initial cycles the encapsulated water cannot be resolved by this method). The former results are presented in Fig.8.6 . There, we can see that the filtered emulsion increases its water content as a function of gap size and number of cycles. Even though this trend is logical because bitumen is being retained by the sieve's mesh, it is no proof that the emulsion has inverted locally. However, the distillation of the large bitumen drops revealed a water content of 0.22 for the last cycle in virtually all cases. This means that when coalescence is taking place only a fraction of the continuous phase (water) is encapsulated into the new greater bitumen drops.
The foregoing evidence appear to support the idea that the local inversion of an emulsion occurs when many neighboring bitumen drops coalesce and encapsulate the water in the Plateau like borders. If only two drops were to coalesce, no water would be trapped.
When three closely packed drops coalesce some water in between could be encapsulated; in two dimensions the water between would be completely trapped by three touching drops. Oviously, the chance of trapping water in an array of coalescing drops increases with the size of the array, and all the water in the intertices would be trapped if the whole emulsion were suddenly to invert. Generally, in a local inversion some water will be driven off so that the water content of coalesced drops can be expected to be less than the water fraction of the emulsion, with equality only in the ideal cases of total inversion. In the colloid mill, the water content in the coalesced drops is at first rather small. The recycled emulsion has larger drops and the water content in the large drops is an increasing function of the number of cycles but is never greater than 22%. In the end, after the local inversion is complete, there is no more than 22% of water and there is always some free water after coalescence.
Concluding remarks
We have considered three topics related to the flow characteristics of concentrated emulsions with a highly viscous dispersed phase and very small (5 -50 µm) drops in water. The first topic is about drop refinement of the most highly concentrated emulsion when flowing between rotating cylinders. This was observed in unimodal emulsions with bitumen fractions equal or greater than 0.7 and in the 0.8 bimodal emulsion. As the angular velocity is increased, we observed a rise followed by a sharp fall in the torque.
The drop sizes are reduced near the point of maximum torque and the reduction is specially severe in the bimodal distribution where the large drop fraction is completely anihilated. We think that shearing the concentrated and viscous dispersion effectively breaks the larger drops by direct contact with other drops as in the comminution of solids rocks; in both cases the largest particles are broken and the mean effective diameter is reduced. We could not change identical size distributions in concentrated emulsions of much less viscous oil under the same dynamic conditions; these drops deform rather than fracture.
We could not change the drop distributions in pressurized flow in straight capillary tubes even in the more concentrated and highly viscous bitumen-in-water emulsions. Such dispersions could shear strongly only in the boundary layer, but boundary layers are effectively eliminated by the development of lubrication layers of clear water at the wall.
The lubricated flows are esentially shear free.
The second topic considered here deals with the development of lubrication layers in the flow of concentrated emulsions. Lubricated flows are well known; they are enhanced by hydrophillic pipe walls and suppressed by oleophillic counterparts. The lubrication layers require a development region with lateral migration of water to the wall and bitumen drops away from the wall. A minimum speed appears to be required suggesting that inertia is important.
The third topic is the local inversion of a concentrated emulsion testing the maximum packing fraction locally. Encapsulation of water in the interstices between closely packed drops is an inevitably consequence of the simultaneous coalescence of many drops. In fact, water was always found in coalesced bitumen drops. The water fraction in a totally inverted emulsion does not change, but the fraction of water encapsulated in a local inversion can be less, with some water driven off into reservoirs of free water. Local inversions are industrially important in pumps and contractions where squeezing motions further concentrate an already concentrated emulsion testing the maximum packing fraction locally.
